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Symbols 

a M 

z 
d 

i = z/dv 

fv = fv/fa 
pC 

V - 

* 
L 
L = L/d, 
- 

a 

a d 

f a  
n li 
- 
Zo = Z /d o v  

Mach number through nozzle s e c t i o n ;  

l eng th  of  mixing chamber; 
r e l a t i v e  length  of mixing chamber; 

diameter of e f f e c t i v e  c ros s - sec t ion  of mixing chamber; 

r e l a t i v e  a r e a  of e f f e c t i v e  c ros s - sec t ion  of mixing chamber; 

p re s su re  i n  chamber; 

s t agna t ion  p res su re  i n  f r o n t  of nozzle;  

l ength  of  chamber; 
r e l a t i v e  length of chamber; 

diameter  of  e f f ec t ive  c ros s - sec t ion  of  nozzle;  

a r ea  of e f f e c t i v e  c ross -sec t ion  of nozzle;  

l i m i t i n g  degree a t  which it i s  impossible  t o  p r e d i c t  outflow 

r e l a t i v e  optimal length of  mixing chamber. 
o f  j e t ;  
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NASA TT F-11,739 

L E N G T H  OF THE M I X I N G  CHAMBER OF A SUPERSONIC N O Z Z L E  
AT A Z E R O  NOZZLE C O E F F I C I E N T  

B .  A. Balanin 

ABSTRACT. Experimental invest igat ion of t h e  i n f l u e n c e  o f  
t h e  l e n g t h  of a c y l i n d r i c a l  m i x i n g  chamber of a supersonic  
nozzle on t h e  nozzle e f f i c i ency .  T h e  physical mechanism of 
maintaining vacuum i n  the mixing chamber is analyzed f o r  t h e  
case where t h e  chamber l e n g t h  is less than t h e  optimal 
l e n g t h .  It is shown  t h a t  t h e  chamber length w h i c h  provides 
maximum evacuation a t  a zero e j ec t ion  c o e f f i c i e n t  d e p e n d s  
solely on the Mach number a t  the e x i t  s e c t i o n  o f  the nozzle. 
An empirical  r e l a t i o n  between the optimal chamber l e n g t h  and 
t h e  Mach number a t  the e x i t  sect ion of t h e  nozzle is 
d e  r i ved . 

s I n  t h e  theory o f  gas e j e c t o r s  t h e  problem o f  t h e  r a t i o n a l  s e l e c t i o n  of t h e  
l eng th  of  t h e  mixing chamber i s  one o f  the b a s i c  ques t ions  determining i t s  
e f f i c i e n c y .  

u l a t i o n  of  t h e  optimal length of t h e  mixing chamber, f o r  example [ l ,  21, g ive  
c l e a r l y  o v e r s t a t e d  r e s u l t s  i n  comparison with t h e  experiment. Thus, i n  [2] t h e  
r e l a t i v e  length of t h e  mixing chamber should have a value of z> 1 2  while i n  
p r a c t i c e ,  on t h e  b a s i s  of experimental data ,  t h e  value 7 = 6-8 i s  most o f t e n  
used. 

Individual  a r t i c l e s  e x i s t i n g  a t  t h i s  time and r e l a t e d  t o  t h e  calcu-  

Nearly a l l  works r e l a t e d  t o  t h e  s e l e c t i o n  of t h e  length o f  t h e  mixing 
chamber p e r t a i n  t o  t h e  case where t h e  c o e f f i c i e n t  o f  e j e c t i o n  is not equal t o  
zero. 
intended f o r  t h e  purpose of maintaining the  cons t an t  and, as a r u l e ,  g r e a t e s t  
p o s s i b l e  evacuation i n  a c e r t a i n  volume. 
e j e c t i o n  i s  equal t o  zero. 

There e x i s t s  a t  t h e  same time a large number of t e c h n i c a l  systems 

In t h i s  ca se  t h e  c o e f f i c i e n t  of  

I t  i s  o f t en  necessary,  under s p e c i f i c  ope ra t iona l  cond i t ions ,  t o  have a 
mixing chamber of minimal length.  I t  i s  obvious however t h a t  t h e  optimal length 
of t h e  mixing chamber should depend on the p r o p e r t i e s  o f  t h e  stream and t h e  
l eng th  of  t h e  f ree  j e t  p r i o r  t o  en t ry  in to  t h e  mixing chamber. 
mean he re  a mixing chamber with a length such t h a t  maximal evacuation i s  in su red  
i n  t h e  chamber a t  a minimal p re s su re  i n  f r o n t  of  t h e  b a s i c  nozzle.  

By optimal w e  

In view o f  t h e  fact  t h a t  i t  is not  now p o s s i b l e  t o  conduct t h e o r e t i c a l  
i n v e s t i g a t i o n s  on t h i s  problem as  regards t h e  process  o f  t h e  t ransformation o f  
j e t  flow i n t o  flow i n  a channel, experimental i n v e s t i g a t i o n s  were conducted on 
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t h e  e f f e c t  o f  t h e  length of t h e  mixing chamber on t h e  e f f i c i e n c y  of e j e c t i o n  f o r  
a zero e j e c t i o n  c o e f f i c i e n t .  

A d e t a i l e d  d e s c r i p t i o n  of t h e  experimental s e tup  is found i n  [4]. A 
diagram of t h e  model i s  i l l u s t r a t e d  i n  Figure 1. 

The model r ep resen t s  a chamber of length with in te rchangeable  c y l i n d r i c a l  

The nozzle  which in su res  a j e t  of a given v e l o c i t y  was 
t h e  length  o f  t h e  chamber va r i ed  

The values  of Ma (through t h e  s e c t i o n  of 

mixing chambers of va r ious  length  7 and of var ious  c ros s - sec t iona l  a r e a  7 
i z s t a l l e d  a t  t h e  o u t l e t .  
i n s t a l l e d  on t h e  oppos i te  w a l l  of  t h e  chamber. 
wi th in  t h e  l i m i t s  of 
a r e a  of i t s  c ross - sec t ion  7 = 0 . 7 - 2 5 .  

t h e  nozzle) were equal t o  1 .0 ,  2 . 0 2 ,  2.45, 2 . 8 5 ,  and 3 . 3 7 .  

V 

= 0-7, t h e  length of t h e  mixing chamber 7 = 0-6 and t h e  /565 - 
V 

W 

Figure 1 .  Dependence of Pressure i n  Chamber P 

on Pressure i n  Front of Nozzle P f o r  M = 2.45, 
L = 1.5, and 7” 5 4: 

a -- 2 = 0; b -- 0.4;  c -- 1 ;  d -- 2 ;  e -- 4 ;  
f -- 6; 1 -- Nozzle; 2 -- Chamber; 3 -- Mixing 

chamber 

C 

0 a 

From t h e  experiments we obtained dependences o f  p re s su re  i n  t h e  chamber Pc 
- -  

on p res su re  i n  f r o n t  of  t h e  nozzle  P 

The t y p i c a l  func t ion  Pc = f(Po,T) i s  shown i n  Figure 1. 

any mixing chamber length  (with t h e  exception of some l i m i t i n g  length)  t h e  
na tu re  of t h e  func t ion  Pc = f ( P o )  remains cons tan t ,  a s  i n  t h e  case of t h e  

absence of a mixing chamber. 
chamber f o r  7 = 0 was d iscussed  i n  d e t a i l  i n  [3] ,  where it was es t ab l i shed  t h a t  
evacuat ion i n  t h e  chamber f o r  arm I of  the curve Pc = f (P& i s  determined by t h e  

for  var ious  va lues  o f  Ma, fv ,  L ,  and 7. 
We see  here  t h a t  f o r  

0 

L 

The mechanism f o r  maintaining evacuat ion i n  t h e  

2 



pres su re  drop i n  t h e  r eve r se  stream, which passes  between t h e  edge of t h e  
opening and t h e  boundary of t h e  b a s i c  j e t  and which compensates f o r  t h e  combined 
mass of t h e  b a s i c  j e t  f o r  length r. 
uns tab le  flow condi t ion i n  t h e  r eve r se  stream which i s  r e l a t e d  t o  t h e  e s t a b l i s h -  
ment i n  t h e  r e v e r s e  stream of  t h e  c r i t i ca l  v e l o c i t y  and, f i n a l l y ,  arm I11 co r re -  
sponds t o  t h e  so -ca l l ed  condi t ion of t h e  l i m i t i n g  degree a t  which it i s  
impossible t o  p r e d i c t  t h e  outflow of a j e t  n 

l i n e a r  r e l a t i o n s h i p  between t h e  p re s su re  in  t h e  chamber P 

f r o n t  of t h e  nozzle  Po. The beginning of  condi t ion n 

moment of con tac t  o f  t h e  edge of t h e  o u t l e t  opening with t h e  c r i t i c a l  l i n e  o f  
t h e  stream i n  t h e  boundary l a y e r  of t h e  bas i c  j e t .  

The beginning of arm I1 corresponds t o  an 

* 
which i s  cha rac t e r i zed  by a li' 

and t h e  p re s su re  i n  
C 

i s  determined by t h e  l i  

L In  regard t o  t h e  fact t h a t  t h e  curves o f  Pc = f(Po) fo r  z> 0 are similar 
t o  t h e  analogous func t ion  f o r  7 = 0 we should expect t h a t  t h e  mechanisms f o r  
maintaining P are also i d e n t i c a l  i n  both cases. I n  arms I pres su re  P i s  
reduced with inc reas ing  7 f o r  t h e  same P 

1 C 

0 '  

This  can obviously occur only as a r e s u l t  of  i nc reas ing  v e l o c i t y  i n  t h e  
r eve r se  stream. 
o u t l e t  from t h e  chamber t h e  combined mass of  t h e  b a s i c  j e t  and, consequently, 
t h e  mass of  a i r  i n  t h e  r e v e r s e  stream w i l l  be  determined n o t  by t h e  length L of 
t h e  j e t ,  b u t  by t h e  magnitude of (c + 7) , i . e .  they w i l l  i n c r e a s e  as t h e  length 
of t h e  discharge channel i nc reases .  
annular  gap between t h e  edge of t h e  discharge opening and t h e  o u t e r  boundary of 
t h e  b a s i c  j e t ,  through which a i r  pas ses  in  t h e  r eve r se  stream, w i l l  diminish as 
t h e  l eng th  of t h e  channel i nc reases  because o f  t h e  expansion of  t h e  j e t .  These 
f a c t o r s  cause t h e  v e l o c i t y  i n  t h e  r eve r se  stream t o  i n c r e a s e  with inc reas ing  
and t h e  p re s su re  i n  t h e  chamber t o  drop when P 

Actual ly ,  when we have a discharge channel of  length 2 a t  t h e  

- 
Furthermore, it i s  q u i t e  obvious t h a t  t h e  

i s  a constant .  0 

In  t h i s  case, n a t u r a l l y ,  t h e  c r i t i c a l  condi t ion i n  t h e  r eve r se  stream is 
reached when t h e  p re s su re  i n  f r o n t  of the nozzle  P 

a t i o n  i n  t h e  chamber P is  g r e a t .  

w e  no te  a sha rp  drop i n  p re s su re  P 

evidence of t h e  fact  t h a t  t h e  boundary of t h e  j e t  does no t  immediately encompass 
t h e  edge o f  t h e  o u t l e t  opening. 

is  low and when t h e  evacu- 0 
When 7 = 6 ( i n  t h e  case under considerat ion)  

C 
even f o r  small va lues  of  P This i s  

C Y  0 '  

Arm I V  corresponds t o  t h e  gradual transformation of  t h e  stream i n  t h e  
, mixing chamber under t h e  effect  o f  increasing flow through t h e  b a s i c  nozzle.  

The beginning of  arm I V  corresponds t o  the contact  o f  t h e  edge of  t h e  mixing 
chamber opening with t h e  o u t e r  boundary of t h e  j e t  i n  s e c t i o n  B and i t s  terminus 
corresponds t o  t h e  development of t h e  n condi t ion,  i . e .  t h e  con tac t  of t h e  li 
edge o f  t h e  o u t l e t  opening of t h e  mixing chamber by t h e  c r i t i ca l  l i n e  of  t h e  
stream i n  t h e  boundary l aye r .  This conclusion i s  de r ived  from t h e  fact  t h a t  t h e  
value o f  n i s  independent of t h e  length o f  t h e  mixing chamber, as follows from 

Figure 1, s i n c e  t h e  arms of t h e  curves corresponding t o  t h e  n condi t ion 
l i  

li 
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' .  

coinc ide  f o r  var ious  7. 

. 
. 

Figure 2.  Dependence of Maximal Rarefac- 
t i o n  i n  Chamber g n  Length  o f  Mixing 

Chamber for  L = 1.5 and Ma = 2.45: 

a -- 7" = 2.25, b -- 4 ,  c -- 5.06, d -- 9 

The value of t h e  m a x -  
imal evacuat ion i n  t h e  
chamber, o the r  condi t ions  
being equal ,  depends on t h e  
l eng th  o f  t h e  mixing 
chamber, i nc reas ing  with an 
inc rease  i n  t h e  l a t t e r ,  as 
c l e a r l y  seen i n  Figure 2. 
But t h e  value of (Pc)min, 

- s t a r t i n g  wi th  some va lue  of 
2 ,  ceases  t o  depend on 7. 
This phenomenon occurs f o r  
a l l  va lues  of Tv, Ma,  and 6. 

t h e r e  is always some mixing 
chamber length  which i n s u r e s  
optimal e j e c t i o n .  As seen 
i n  Figure 2 ,  f o r  M = 2.45 

and = 1.5  t h e  inc rease  i n  

I 5 6 7  - I t  thus  fol lows t h a t  

a 

t h e  length  of t h e  mixing chamber 7 >  4 i s  meaningless. 
cons ider  z = 4 as  optimal. 

I n  t h i s  case  we w i l l  

The dependence o f  7 on Ma through the  s e c t i o n  of t h e  nozz le ,  t h e  length  of 

t h e  chamber E, and t h e  s i z e  of  t h e  o u t l e t  opening Tv was found on t h e  b a s i s  of a 

l a r g e  mass of  experimental  d a t a .  

on ly  on M and not on 

and may be approximated by t h e  simple expression 

0 

The value of To, as seen i n  Figure 3,  depends 

o r  Tv. The func t ion  zo = f(Ma) has a l i n e a r  behavior  a 

Thus we may make a s e l e c t i o n  of  t h e  optimal length of t h e  mixing chamber 
f o r  t h e  condi t ions  7 > To,  where 2 is  determined by t h e  above formula, on t h e  

0 
r b a s i s  of t h e  s t u d i e s  which we have j u s t  discussed.  

4 
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5 '  
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3 - -  

2 4\; 

F igu re  3 .  Dependence o f  t he  
Optimal Length o f  M ix ing  
Chamber on Ma: 
1 -- L = 4.5: 7 2.25: 

- 
- ,  ' V  

- _  

2 -- 4.5 and 4; 3 -- 1.5 and 5.06; 
4 -- 1.5 and 9;  5 -- 7 and 
2.25; 6 -- 7 and 4; 7 -- 7 and 5.06; 

8 -- 7 and 9 
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